Antioxidants may be useful for supplementing sperm extenders. We have tested the effects of 18 dehydroascorbic acid (DHA), TEMPOL (TPL), N-acetyl-cysteine (NAC) and rutin (RUT) on epididymal 19 spermatozoa from red deer, during a long incubation at 37
Introduction
Regulation (Law 2/93 of Castilla-La Mancha), which conforms to European Union Regulations. 118 Spermatozoa were collected from the cauda epididymis within 3 h post-mortem, and diluted at ambient 119 temperature to 200×10 6 spermatozoa/mL in Triladyl R (Minitüb, Tiefenbach, Germany) with 20% egg 120 yolk. Extended spermatozoa were cooled down to 5
• C (-2 • C/min) and equilibrated for 2 hours at the 121 same temperature. Samples were loaded into 0.25-mL plastic straws (IMV, L'Aigle Cedex, France) and 122 frozen in nitrogen vapor (4 cm above liquid nitrogen, -120
• C) for 10 minutes. The straws remained for a 123 minimum period of one year in liquid nitrogen. When needed, doses were thawed by dropping them into 124 a water bath with saline solution at 37
• C for 30 s. 125
Experimental design 126
Straws from our cryobank corresponding to four males were thawed and mixed forming a pool. The pool 127 was washed free of freezing extender by diluting with three volumes of BGM-3, centrifuging (600×g, 5 128 min) and removing the supernatant. The pellet was slowly resuspended in BGM-3 up to 129
30×10
6 cells/mL. 130
The washed pool was split among nine tubes. Eight of them were supplemented with either 1/100 131 of the 100 mM solution (1 mM final) or the 10 mM solution (0.1 mM final) of each antioxidant: 132 dehydroascorbic acid (DHA), TEMPOL, rutin or N-acetyl-cysteine (NAC). The ninth tube was used as 133 control. All the experiments were replicated seven times. 134
Effect of antioxidants in the motility of thawed spermatozoa 135
The tubes were incubated at 37
• C. Motility was assessed after 2 h and 4 h. 136
Effect of antioxidants in the physiology of thawed spermatozoa submitted to oxidative stress 137
Half of the volume of each tube was passed to another series of tubes, which were submitted to oxidative 138 stress by adding 100 µM of FeSO 4 and 500 µM of sodium ascorbate. The tubes were incubated at 37
• C 139 and analyzed for viability, mitochondrial status and acrosomal status after 2 h and 4 h. 140 oxidative stress 142
The same set of 18 tubes, supplemented with the respective antioxidants and with or without oxidant, was 143 incubated for 4 h at 37
• C and analyzed for lipid peroxidation (malondialdehyde production), ROS 144 production and DNA damage. Control was analyzed before starting the incubation, as a reference value. 145
CASA analysis 146
Sperm were diluted down to 10-20×10 6 spermatozoa/mL and loaded into a Makler counting chamber 147 (10 µm depth) at 37
• C. The CASA system consisted of a triocular optical phase contrast microscope 148 (Nikon Eclipse 80i; Nikon; Tokyo, Japan), equipped with a warming stage at 37
• C and a Basler A302fs 149 digital camera (Basler Vision Technologies, Ahrensburg, Germany). The camera was connected to a 150 computer by an IEEE 1394 interface. Images were captured and analyzed using the Sperm Class 151
Analyzer (SCA2002) software (Microptic S.L.; Barcelona, Spain). Sampling was carried out using a ×10 152 negative phase contrast objective (no intermediate magnification). Image sequences were saved and 153 analyzed afterwards. The standard parameter settings were: 25 frames/s; 20 to 90 µm 2 for head area; 154 VCL > 10 µm/s to classify a spermatozoon as motile. For each spermatozoa, the software rendered the 155 percentage of motile spermatozoa, three velocity parameters (VCL: velocity according to the actual path; 156 VSL: velocity according to the straight path; VAP: velocity according to the smoothed path), three track 157 linearity parameters (LIN: linearity; STR: straightness: WOB: wobble), the ALH (amplitude of the lateral 158 displacement of the sperm head), and the BCF (head beat-cross frequency). 159
Fluorescence probes for sperm analysis 160
Flow cytometry analyses using fluorescence probes were carried out as described previously [9] . Briefly, 161 samples were diluted down to 10 6 spermatozoa/mL in BGM-3, and stained using four fluorophore 162 combinations. Sperm viability and increased membrane permeability ("apoptosis") were assessed with 163 0.1 µM YO-PRO-1 and 10 µM PI. Mitochondrial activity and acrosomal status were assessed by 164 combining 0.1 µM YO-PRO-1, 0.1 µM Mitotracker Deep Red and 4 µg/mL PNA-TRITC (peanut 165 agglutinin). YO-PRO-1 allowed discriminating membrane-intact spermatozoa, while active mitochondria 166 were stained by Mitotracker Deep Red and damaged acrosomes were stained by PNA-TRITC.Spermatozoa stained in these two solutions were incubated 20 min in the dark before being run through a 168 flow cytometer. 169
For assessing intracellular ROS, spermatozoa were diluted in BGM-3 with 0.5 µM 170 CM-H 2 DCFDA and 0.1 µM TO-PRO-3. CM-H 2 DCFDA is retained within cells after being cleaved by 171 cellular esterases. When it is oxidized, it acquires an intense fluorescence, indicating presence of 172 intracellular ROS. Spermatozoa were incubated for 30 min in the dark at 37
• C before being analyzed. 173 DNA damage was assessed by TUNEL [terminal deoxynucleotidyl transferase (TdT)-mediated 174 dUTP nick end-labeling assay], following the manufacturer's instructions (ApoTarget TM APO-BRDU 175 Kit). Briefly, spermatozoa diluted in PBS (10 6 cells/mL) were fixed for 1 h in 2% paraformaldehyde. The 176 cells were washed twice with PBS and resuspended in 70% ethanol at 0
• C. The samples were left at 177 -20
• C overnight. Then, the cells were washed twice using the wash buffer provided with the Kit, adding 178 the DNA labeling mixture after removing the wash buffer. After 60 min at 37
• C (with agitation), the 179 cells were washed twice using the rinse buffer. Finally, the cells were resuspended in the antibody 180 solution (FITC-Anti-BrdUTP mAb) and incubated for 30 min at room temperature in the dark. Samples 181 were resuspended in a PI/RNase A solution and analyzed by flow cytometry within 2 h. Positive and 182 negative controls (incubation of fixed cells with DNase A and substituting water for the DNA labeling 183 mixture, respectively) were used to standardize the assay. 184
Flow cytometry analyses were carried out with a Cytomics TM FC 500 flow cytometer (Beckman 185
Coulter, Brea, CA, USA), with a 488 nm Ar-Ion laser (excitation for YO-PRO-1, TRITC, PI, 186 CM-H 2 DCFDA and TUNEL), and a 638 nm LED (excitation for Mitotracker Deep Red and TO-PRO-3). 187
Fluorescence from YO-PRO-1, CM-H 2 DCFDA and TUNEL (fluorescein isothiocyanate -FITC) were 188 read using a 525/25BP filter, TRITC was read using a 575/20BP filter, PI was read using a 620/20BP 189 filter, and Mitotracker Deep Red and TO-PRO-3 were read using a 675/40BP filter. FSC/SSC signals 190 were used to discriminate spermatozoa from debris. Fluorescence captures were controlled using the 191
Assessment of lipid peroxidation 197
The susceptibility of the spermatozoa to lipoperoxidation was assessed using the Bioxitech R MDA-586 198 kit (Oxis International, Foster, CA, USA) to detect malondialdehyde (MDA) concentration, as described 199
by Domínguez-Rebolledo et al. [9] . Briefly, samples were diluted with PBS to 10 7 mL −1 and incubated 200 for 30 min at 37
• C with 40 µM of Fe 2+ and 200 µM ascorbate, in order to induce MDA release [31] . 201
Samples were mixed with the reactive provided in the kit and incubated at 45
• C for 1 h. Then, the tubes 202 At 4 h, rutin 1 mM produced the largest inhibitory effect on motility, decreasing TM by -25.0±3.1 224 respect to Control. As for 2 h, rutin 1 mM decreased all kinetic parameters. However, when applied at 225 0.1 mM, there were no significant differences respect to Control (although mean values were lower). 226 TEMPOL 1 mM reduced motility parameters too, except for ALH, but with a lower effect than rutin 227 1 mM. TEMPOL 0.1 mM only decreased TM. NAC decreased TM (interestingly, the effect was larger at 228 0.1 mM than at 1 mM, -16.0±3.2 vs. -11.3±3.2). LIN, which was not significantly affected by incubation 229 time in the Control, showed a significant decrease in both NAC concentrations. DHA 1 mM protected 230 motility, in fact yielding a higher LIN than the Control (59.3±2.8% vs. 53.3±2.7%), although at 0.1 mM 231 TM and ALH were lower than for the Control (P<0.05). 232
Membrane status of Control spermatozoa was not affected by incubation time, while the addition 233 of oxidative stress increased the proportion of membrane-damaged spermatozoa (PI+) at 2 h, remaining 234 the same at 4 h (table in Figure 1 ). This increase was caused mainly by the death of spermatozoa that 235 already presented an increased membrane permeability at 0 h (YO-PRO-1+/PI-). This subpopulation 236
showed a reduction of -9.1±1.6 at 2 h, whereas the subpopulation of viable spermatozoa 237 (YO-PRO-1-/PI-) was reduced by only -4.7±1.3, at the same time. Figure 1 shows the effects of the 238 antioxidant treatments on the YO-PRO-1/PI subpopulations. In general, the addition of antioxidants was 239 detrimental for membrane status, although effects were generally small. At 2 h, the proportion of viable 240 spermatozoa was reduced significantly in the TEMPOL, DHA and rutin treatments at 1 mM, and in 241 NAC 0.1 mM. At 4 h, only rutin and DHA at 1 mM had a significant effect. With the addition of oxidative 242 stress, only rutin exerted a negative effect, at both times, while NAC 1 mM had a significant effect at 4 h. 243
These changes were accompanied by some increases in the proportion of the YO-PRO-1+/PI-244 subpopulation, which was slightly increased at 2 h by NAC 0.1 mM and at 4 h by TEMPOL 0.1 mM, 245 whereas DHA 1 mM caused a decline in this population at this time. However, upon adding oxidative 246 stress, this population grew when incubated with 1 mM of rutin or TEMPOL (P<0.05), displaying this 247 effect both at 2 and 4 h. Subfigure 1a shows that in this case the YO-PRO-1+/PI+ subpopulation did not 248 increase, thus, TEMPOL prevented in part its increase at 2 h, remaining similar to the Control. 249 Unlike plasma membrane and mitochondrial status, the proportion of Control spermatozoa with 263 damaged acrosomes was increased both by incubation time and oxidative stress, although this increase 264 was only detected at 2 h, with no further increase at 4 h (table in Figure 2 ). This percentage was slightly 265 increased at 2 h by TEMPOL 1 mM, rutin and DHA 0.1 mM, and, in a higher degree, by DHA 1 mM 266 (+7.5±0.8). The effect of DHA 1 mM was even higher at 4 h (+9.2±1.0), while NAC 1 mM slightly 267 decreased the proportion of damaged acrosomes. In presence of oxidative stress and at 2 h, only DHA 268 1 mM increased this proportion (+4.7±1.7), while TEMPOL 1 mM decreased it. At 4 h, the effect of 269 DHA 1 mM was no significant, while rutin 0.1 mM increased acrosomal damage, and TEMPOL 0. 
Discussion 289
The mammal spermatozoon is particularly vulnerable to oxidative stress, because of its lack of cytoplasm, 290 composition of the plasma membrane (rich in polyunsaturated fat acids) and exposure to different 291 environments (especially when used in artificial reproductive techniques, ART) [13, 33, 34] . Therefore, 292
antioxidants have been proposed as supplements to the media used for sperm processing and incubation 293 in ART [35] . In this study, we have tested four antioxidants in red deer spermatozoa, in order to assess 294 their suitability for practical use, and to investigate their effects on sperm physiology and functionality. 295
This study follows a previous trial [9] , in which lipoic acid, melatonin, Trolox (a water-soluble form of 296 α-tocopherol) and crocin (a saffron carotenoid) were tested, with different results. Contrarily to that 297 study, in which Trolox, crocin and melatonin showed many positive effects, the antioxidants of the 298 present trial showed mixed results. In fact, we have detected many detrimental effects, which cast doubt 299 about the practical use of some of them in red deer spermatozoa. However, some effects could be 300 interesting for some applications, and deserve further testing.
reported loss of quality [5, 13] . This lack of benefits could arise from the presence of other protective 303 substances in extenders, low metabolic activity of the spermatozoa and relatively short exposure to 304 aerobic conditions during sperm work. Moreover, sperm samples are usually processed and stored at low 305 temperatures, decreasing the sperm metabolism and the rate of potentially detrimental reactions. 306
• C up to 4 h, looking for disclosing any detrimental effects helped by the increased 312 sperm metabolism, which might be more evident in these conditions than during refrigerated or frozen 313 storage. 314 and tyrosine phosphorilation [42, 43] , whereas the application of radical scavengers inhibits these 327 processes. Is it possible that TEMPOL, being an efficient intracellular radical scavenger, were interfering 328 with transduction cascades during the incubation of spermatozoa? It might be one explanation for the 329 reduction of sperm motility at 4 h and other effects that we observed in TEMPOL-treated samples. 330
Rutin elicited even a more pronounced inhibition of sperm motility at 1 mM, while showing a high 333 ability to scavenge free radicals and to protect DNA. This protection of DNA against induced oxidative 334 stress was not noted in previous studies with lymphocites [44] , but it was clearly showed in our study, 335 where rutin abolished DNA damage even at 0.1 mM. Flavonoids can behave either as mutagens or 336 antimutagens, depending on the conditions. For instance, several flavonoids -rutin among them-, caused 337 genotoxic effects in human lymphocites and spermatozoa [45, 46] . When they were combined with food 338 mutagens they exacerbated genotoxic effects at low doses, but they showed antigenotoxic activity at high 339 doses. Nevertheless, in vivo tests have discarded genotoxic effects for quercetin and other flavonoids 340 [27] reported a small improvement of 385 motility in fresh human semen (6.3 mM). There are differences among studies, most probably due to 386 inter-specific or experimental differences. For instance, NAC had no effect on the motility of refrigeratedstallion semen [29] , but it was used at only 200 µM, whereas it improved dog semen motility being used 388 at 1.5 mM [54] . Moreover, 1.5 mM NAC was not able to decrease basal ROS levels of dog spermatozoa 389 [28, 54] , and in our study neither 1 nor 0.1 mM reduced ROS, even in presence of oxidative stress. 390
However, NAC, both at 6.3 and 31.3 mM (but not at 0.6 mM), reduced ROS in fresh human spermatozoa. 391
The fact that higher NAC concentrations improved results in all these studies, including ours, enable us to 392 suggest that future cryopreservation trials with red deer spermatozoa should include concentrations above 393 1 mM. Nevertheless, Michael et al. [28] , after refrigerating dog semen for 72 h, obtained no improvement 394 with 2.5 mM, and there was a decrease of motility with 5 mM, announcing toxic effects at relatively high 395
concentrations. 396
The results of DHA are paradoxical, and have some resemblance to those obtained testing 1 mM 397 crocin in our previous study by Domínguez-Rebolledo et al. [9] . Similarly, crocin improved motility 398 during a 4-h incubation and, in absence of oxidative stress, increased the proportion of damaged 399 acrosomes. However, there are some important differences: 1 mM DHA improved motility slightly, 400 increasing kinematic parameters, while the effect of crocin was more dramatic, maintaining the 401 proportion of motile spermatozoa above Control levels; despite of a slight decrease of average values, the 402 effect of crocin on mitochondrial and membrane parameters -in absence of oxidative stress-was not 403 significant; crocin prevented acrosomal damage in presence of induced oxidative stress; and, more 404 importantly, despite of enhancing lipid peroxidation, it protected sperm DNA in presence of oxidative 405 stress. DHA behaved more as a pro-oxidant than as an antioxidant. DHA has been studied in other cell 406 types [10, 11] , observing that it is reduced to ascorbic acid intracellularly, entering in the antioxidant pool 407 of the cell. However, the ability of spermatozoa to reduce DHA to ascorbic acid might be limited, and 408 other studies have shown analogous deficiencies on spermatozoa. For instance, bull spermatozoa was 409 unable to regenerate GSSG to GSH efficiently [26] , unless provided with external reducing power in the 410 form of NADPH. We could be witnessing a similar problem here, with DHA accumulating intracellularly 411 and altering the redox balance of the spermatozoa because of its deficient reduction. Although no clear 412 effects could be detected in the ROS assessment, the increased acrosomal damage, stimulated motility 413 and increased DNA damage in absence of oxidative stress provide indirect evidence of possible 414 pro-oxidant activity.
pro-oxidant. Despite some motility-stimulating activity, the possible induction of DNA damage prevents 417 against its use with spermatozoa. On the other hand, taking into account previous studies in other species, 418 TEMPOL and NAC could be used for supplementing extenders for red deer spermatozoa, because of its 419 ability to suppress lipid peroxidation and to protect sperm DNA. Rutin, despite its good results protecting 420 sperm DNA, clearly altered sperm physiology in a dose-dependent manner. It may be due to excessive 421 ROS scavenging and even direct interference in transduction pathways. In this study, we have assessed 422 these antioxidants in conditions pursuing to amplify any effects on the spermatozoa. Taking into account 423 this information, the next step must be testing these antioxidants in the cryopreservation of red deer 424 epididymal spermatozoa, using our results here to help designing new experiments. The steps of a 425 cryopreservation protocol take place usually at low temperatures, and therefore the detrimental effect of 426 these antioxidants may be minimized if added to the semen before cooling or at 5
• C, and removing the 427 extender or inseminating immediately after thawing. 
